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(54) Method of producing structure having narrow pores and structure produced by the same 
method 



(57) A method of producing a structure having nar- 
row pores includes a first step of bringing pore-guiding 
members into contact with upper and lower surfaces of 
a member comprising aluminum as a principal ingredi- 
ent and a second step of anodizing the member com- 
prising aluminum as the principal ingredient to form nar- 
row pores. The pore-guiding members contain the same 



material as a principal ingredient. The second step in- 
cludes preferably a step of transforming the member 
comprising aluminum as the principal ingredient into a 
porous body comprising alumina having narrow pores 
oriented substantially parallel to the interfaces between 
the pore-guiding members and the member comprising 
aluminum as the principal ingredient. 
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Description 

BACKGROUND OF THE INVENTION 

Field of the Invention 

[0001] The present invention relates to nano-struc- 
tures provided with narrow pores, which can be used in 
various fields, for example, as functional materials and 
structural materials for electronic devices, optical devic- 
es, micro devices, and the like. 

Description of the Related Art 

[0002] With respect to thin films, narrow wires, and 
small dots made of metals and semiconductors, unique 
electrical, optical, and chemical properties may be dem- 
onstrated when movement of electrons is confined to a 
size less than a specific length. In view of this, there has 
been a growing interest in materials having fine struc- 
tures with sizes of less than several hundreds of nanom- 
eters (nm) (i.e., nano-structures) as functional materi- 
als. 

[0003] Nano-structures are produced, for example, by 
semiconductor processing techniques, such as micro 
pattern writing techniques including photolithography, 
electron-beam lithography, X-ray lithography, and the 
like. 

[0004] In addition to the production methods de- 
scribed above, attempts have been made to produce 
new nano-structures based on naturally formed regular 
structures, namely, structures formed in a self-ordering 
manner. Since there is a possibility of producing finer, 
more special structures in comparison with those pro- 
duced by conventional methods, much research has 
been conducted. 

[0005] One self-ordering method is anodization in 
which nano-structures having nano-size narrow pores 
can be formed easily and controllably. For example, an- 
odized alumina is known, which is produced by anodiz- 
ing aluminum or an alloy thereof in an acidic bath. 
[0006] When an Al plate is anodized in an acidic elec- 
trolytic bath, a porous oxide film is formed (for example, 
referto R. C. Furneaux, W. R. Rigby, and A. R Davidson, 
NATURE, Vol. 337, p.147 (1989)). As shown in FIG. 10, 
the porous oxide film is characterized by a geometric 
structure in which extremely fine cylindrical narrow 
pores (nano-holes) 14 having diameters of several na- 
nometers to several hundred nanometers are arrayed 
in parallel within distances of several nanometers to 
several hundred nanometers. The cylindrical narrow 
por s 14 have high aspect ratios and highly uniform 
cross-sectional diameters. 

[0007] It is also possibi to control the structur of the 
film to a certain extent by th selection of the anodizing 
conditions. For example, it is possible to control, to a 
certain ext nt, the distance between narrow pores by 
the anodizing voltage, the depth of the pores by time, 
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and the pore diameter by a por -widening treatment. 
^ [0008] Furthermore, as an example of controlling the 
/ array of narrow pores, it has been reported by Masuda 
j et al. that ordered nano-holes having a honeycomb ar- 
te ray ar formed by anodizing under suitable anodizing 
\ conditions (Masuda, Kotaibutsuri (Solid State Physics) 
V— 31, 493 (1996)). 

[0009] Another example has been reported by Masu- 
da et al., in which an Al film sandwiched between insu- 
la lators is anodized in the film surface direction with the 
aim of arraying narrow pores in a matrix (Appl. Phys. 
Lett. 63, p.3155 (1993)). 

[0010] Various applications have been attempted in 
/ view of the peculiar geometric structure of anodized atu- 
fis mina as described above. As described in detail by Mas- 
uda, for example, anodized films are used as coatings 
by taking advantage of their wear resistance and dielec- 
tric properties, and detached films are used as filters. 
Moreover, by using techniques for filling a metal or a 
20 semiconductor into nano-holes and replication tech- 
niques of nano-holes, application to various fields has 
j been attempted, such as coloring, magnetic recording 
\ media, electroluminescent devices, electrochromic de- 
vices, optical devices, solar cells, and gas sensors. Ap- 
2S plication to a number of other fields is also expected, for 
example, to quantum well devices such as quantum 
wires and MIM devices, and molecular sensors which 
use nano-holes as chemical reaction fields (Masuda, 
Kotaibutsuri (Solid State Physics) 31 , 493 (1996)). 

30 

SUMMARY OF THE INVENTION 

[0011] It is an object of the present invention to pro- 
vide a nano-structure in which the structure is controlled 
35 in a more sophisticated manner. 

[0012] That is, it is an object of the present invention 
to control the arrays, distances, positions, directions, 
etc. of narrow pores in structures having narrow pores 
formed by anodizing. 
40 [0013] It is another object of the present invention to 
provide novel nanometer-scale structures and devices 
by controlling the arrays, distances, positions, direc- 
tions, etc. of narrow pores. 

[0014] The objects described above are achieved by 
45 the following production methods in accordance with the 
present invention. 

[0015] In one aspect, a method of producing a struc- 
ture having narrow pores, in accordance with the 
present invention, includes a first step of bringing pore- 

50 guiding members into contact with upper and lower sur- 
faces of a member comprising aluminum as a principal 
ingredient, and a second st p of anodizing th member 
comprising aluminum as th principal ingredi nt to form 
narrow pores. Th por -guiding members contain the 

55 same mat rial as a principal ingredi nt. 

[0016] In anoth r asp ct, a method of producing a 
structure having narrow pores, in accordance with the 
present invention, includes a first step of disposing a 
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pore-guiding memb randamemb r comprising alumi- 
num as a principal ingredient having a predetermined 
pattern on a substrate, the pore-guiding member being 
in contact with the periphery of the pattern of the mem- 
ber comprising aluminum as the principal ingredient, 
and a second step of anodizing the member comprising 
aluminum as the principal ingredient to form narrow 
pores. 

[0017] In another aspect, a method of producing a 
structure having narrow pores, in accordance with the 
present invention, includes a first step of covering the 
periphery of a rod-like member comprising aluminum as 
a principal ingredient with a pore-guiding member, and 
a second step of anodizing the member comprising alu- 
minum as the principal ingredient to form narrow pores. 
[0018] In another aspect, a method of producing a 
structure having narrow pores includes a first step of 
covering the periphery of a rod-like first pore-guiding 
member with a member comprising aluminum as a prin- 
cipal ingredient and further covering the member com- 
prising aluminum as the principal ingredient with a sec- 
ond pore-guiding member, and a second step of ano- 
dizing the member comprising aluminum as the princi- 
pal ingredient to form narrow pores. 
[0019] In another aspect, a method of producing a 
structure having narrow pores, in accordance with the 
present invention, includes a first step of bringing a first 
pore-guiding member and a second pore-guiding mem- 
ber into contact with upper and lower surfaces of a mem- 
ber comprising aluminum as a principal ingredient, and 
a second step of anodizing the member comprising alu- 
minum as the principal ingredient to form narrow pores. 
At least one of the first pore-guiding member and the 
second pore-guiding member is electrically conductive. 
[0020] As described above, in the first aspect of the 
present invention, "the pore-guiding members contain 
the same material as a principal ingredient - , which 
means that, if each pore-guiding member contains an 
element such as a metal as a principal ingredient, the 
pore-guiding members contain the same element, or if 
each pore-guiding member contains a compound as a 
principal ingredient, the pore-guiding members contain 
the same compound. Basically, it is acceptable in the 
present invention if the pore-guiding members have the 
same chemical properties (such as stability to a solution 
used in anodization) and the same electrical properties 
(such as an electric field generated during anodization). 
[0021] Additionally, "a principal ingredient 8 in the 
present invention refers to an ingredient having the high- 
est content among elements and/or compounds con- 
tained in a given member. 

[0022] In accordance with th methods of the pr sent 
invention, narrow pores of anodized alumina can be 
formed in the dir ction parallel to the int rfac betwe n 
the pore-guiding member and-aluriiirium (resultant an- 
odized aluminaj^^*^^^ 

[0023] Furthermore, by appropriately bringing the 

porenguiding member into contact with the periphery of 



the aluminum film having a pr determined pattern on 
the substrate, the anodized alumina having narrow 
pores in which the direction is controlled in parallel to 
the interface between the pore-guiding member and alu- 

s minum can be formed by patterning. 

[0024] In the present invention, by using an electrical- 
ly conductive material as the pore-guiding member, in 
the initial stage of forming narrow pores, control of the 
structure can be increased, and a porous body having 

10 excellent uniformity in the shape (narrow-pore diame- 
ters, etc.) from the outermost surface to the bottom can 
be produced. 

[0025] Furthermore, by appropriately selecting the 
thickness of the pore-guiding member, the thickness of 
is the member comprising aluminum as the principal in- 
gredient, anodizing voltages, etc., the pore array pitch, 
the pore diameter, etc. may be controlled. 
[0026] Furthermore, by disposing a pore-terminating 
member on the member comprising aluminum as the 
20 principal ingredient, narrow pores may be formed highly 
uniformly at a predetermined length. 
[0027] That is, in accordance with the methods of th 
present invention, the position, length, pitch, direction, 
pattern, etc. of narrow pores having nanometer size di- 
ss ameters can be controlled. 

[0028] Furthermore, with respect to structures which 
are produced by embedding a functional material, such 
as a metal or a semiconductor, into the narrow pores 
formed by the methods described above, there are pos- 
30 sibilities of application to new electronic devices. 

[0029] The present invention enables anodized alu- 
mina to be used for various fields, such as quantum 
wires, MIM devices, molecular sensors, coloring, mag- 
netic recording media, electroluminescent devices, 
35 electrochromic devices, optical devices such as photon- 
ic bands, electron emitters, solar cells, gas sensors, 
coatings having wear resistance and dielectric proper- 
ties, and filters, and the present invention contributes to 
the significant expansion of applications for anodized 
40 alumina. 

[0030] Further objects, features and advantages of 
the present invention will become apparent from the fol- 
lowing description of the preferred embodiments with 
reference to the attached drawings. 

45 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0031] 

so FIGs. 1A and 1B are a plan view and a sectional 
view, respectively, which schematically show nano- 
structures (regional structur s) according to th 
pres nt invention; 

FIGs. 2A, 2D, and 2F ar p rspectiv views and 
55 FIGs. 2B, 2C, and 2E ar sectional views, r sp c- 
tiv ty, which schematically show nano-structures 
(lay red structures) according to the present inven- 
tion; 
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FIGs. 3A, 3B, and 3C are sen matic perspective 
views of nano-structures (needle structur s) ac- 
cording to the present invention; 
FIG. 4 is a schematic sectional view which shows 
the interfaces between a porous body and pore- 
guiding members; 

FIGs. 5A and 5B are schematic sectional views 
which show nano-structures in which pore-termi- 
nating members are disposed on the end of narrow 
pores; 

FIGs. 6Ato6C are schematic sectional views show- 
ing an example of the production process of a nano- 
structure according to the present invention, in 
which FIG. 6A illustrates a state in which a base is 
formed, FIG. 6B illustrates a state in which the base 
is anodized to form anodized alumina, and FIG. 6C 
illustrates a state in which pore diameters are in- 
creased by pore-widening treatment; 
FIGs. 7Ato7C are schematic sectional views show- 
ing an example of the production process of a nano- 
structure according to the present invention, in 
which FIG. 7A illustrates a state in which a base is 
formed, FIG. 7B illustrates a state in which the base 
is anodized to form anodized alumina, and FIG. 7C 
illustrates a state in which Ni is filled into a narrow 
pore; 

FIGs. 8A to8C are schematic diagrams showing the 
arrays of narrow pores when patterned aluminum 
is anodized, in which FIG. 8A illustrates a case in 
which patterned aluminum is anodized, FIG. 8B il- 
lustrates a case in which patterning is performed 
while the surface of aluminum is covered with a pat- 
terned mask, and FIG. 8C illustrates a case in which 
pore-guiding members are disposed on the sides of 
aluminum; 

FIGs. 9A to 9D are schematic diagrams which show 

the relationship between the shapes of aluminum 

and the directions of narrow pores; 

FIG. 1 0 is a schematic perspective view of anodized 

alumina; 

Fl Gs. 1 1 A and 1 1 B are schematic diagrams of a ba- 
sic structure in accordance with example 1 of the 
present invention, in which FIG. 11 A illustrates a 
base and FIG. 11 B illustrates a state in which a po- 
rous body is formed; 

FIG. 12 is a schematic diagram of an anodizing ap- 
paratus; 

FIGs. 13A to 13D are schematic diagrams which 
show nano-structures having nonlinear narrow 
pores according to the present invention; 
FIGs. 14A to 14C are schematic diagrams which 
show base structures from xample 2, comparative 
exampl 2, and comparative example 3, resp ctive- 

iy; 

FIGs. 15A to 15C ar schematic s ctional vi ws 
which show an xample of the production process 
of a nano-structure according to the pres nt inven- 
tion, in which FIG. 15A illustrates a state in which a 



bas is formed, FIG. 1 5B illustrates a stat in which 
the base is anodized to form anodized alumina, and 
FIG. 15C illustrates a state in which a metal is filled 
into a narrow pore; 
s FIG. 16 is a schematic diagram which shows a half- 
way point in the production process in accordance 
with the present invention; and 
FIG. 17 is a schematic diagram of a structure pro- 
duced in examples. 

10 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0032] Due to problems such as low yields and high 
is equipment costs associated with the production of na- 
nometer-scale -structures by the semiconductor 
processing techniques described in Related Art, a sim- 
ple method of producing nano-structures with good re- 
producibility has been desired. 
20 [0033] In view of this, self-regulating methods, in par- 
ticular aluminum anodizing methods, are desirable be- 
cause nanometer-scale structures can be produced rel- 
atively easily and controllably, and large areas can be 
formed. However, due to existing limits in controlling the 
25 porous structure, it has not yet been possible to make 
full use of these structures. 

[0034] In the ordered nano-holes described above, 
distances between formable narrow pores are limited. 
[0035] Further, the direction of the narrow pores is 
30 greatly influenced by the shape of the aluminum used 
as a base metal. For example, although narrow pores 
14 advance perpendicular to the planar surface of an 
aluminum plate as shown in FIG. 9A, the curved or 
edged surface of aluminum makes the array and direc- 
ts tion of narrow pores disordered as narrow pores ad- 
vance as shown in FIGs. 9B : 9C, and 9D. In particular, 
in view of use of anodized alumina for various devices, 
patterning on a substrate is desirable. However, as 
shown in FIG. 8A, when a patterned Al film is anodized 
40 to produce anodized alumina 1 3, the narrow pore array 
becomes disordered at the ends of the patterned Al film. 
As shown in FIG. 8B, when patterning is performed 
while the aluminum surface is covered with a mask 19, 
the narrow pore array also becomes disordered. 
45 [0036] Examples of structures produced by the meth- 
ods in accordance with the present invention will be de- 
scribed with reference to the drawings. 
[0037] In FIGs. 1A and 1B through FIGs. 13A, 13B, 
13C, and 13D, numeral 11 represents a substrate, nu- 
so meral 12 represents aluminum, numeral 13 represents 
anodized alumina (a porous body), numeral 14 repre- 
sents a narrow pore (nano-hole) formed in a portion of 
anodized alumina, and numeral 16 represents a pore- 
^^guiding memb r. 

55 [0038] First, anodized alumina 13 in the present in- 
vention will be d scribed. The anodized alumina 1 3 con- 
tains Al and O as principal ingredients, and has many 
cylindrical narrow pores (nano-holes) 1 4, which are ar- 
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rayed substantially in parall I and substantially at equal 
distances, as shown in FIG. 10. The individual narrow 
pores tend to be arrayed in a triangular lattice shape as 
shown in FIG. 1 A. A diameter 2r of the narrow pore is 
several nanometers to several hundreds of nanometers, 
a pore distance 2R between neighboring narrow pores 
(cell size) is several nanometers to several hundreds of 
nanometers, and the depth of the pores is 10 nm or 
more. The distances, diameters, and depths of narrow 
pores can be controlled to a certain extent by processing 
conditions such as the concentration and temperature 
of an electrolytic solution used for anodizing, the method 
of applying voltage in anodizing, the voltage, time, and 
the conditions for subsequent pore-widening treatment. 
The thickness of the anodized alumina 1 3 and the depth 
(length) of narrow pores can be controlled by selecting 
the anodizing time, the thickness of Al, etc. 
[0039] The structures in the present invention include 
1) a regional structure, in which a region of a porous 
body is delimited by surrounding the periphery of the po- 
rous body with a pore-guiding member, 2) a layered 
structure, in which layers of a porous body and a pore- 
guiding member are laminated, and 3) a needle struc- 
ture, in which a porous body and a pore-guiding member 
are arranged in the center or around the periphery of a 
needle or rod. 

1 ) Regional Structure 

[0040] A structure shown in FIGs. 1 Aand 1 B is an ex- 
ample of the regional structure. In FIGs. 1 A and 1 B, nu- 
meral 11 represents a substrate^nu mgjalJ R epresents 
_alujninunnu numeral 13 represefrts = a^rou^bobV"(ano- 
dized alumina), numeral 14 represents a narrow pore 
(nano-hole), and numeral 16 represents a pore-guiding 
member. 

[0041] Such a structure can be produced, for exam- 
ple, as shown in FIGs. 1 A and 1 B, by anodizing a base 
in which a pore-guiding member is arranged so as to 
surround the periphery (the side in the thickness direc- 
tion) of a member comprising aluminum as a principal 
ingredient (Al film). By employing such a structure as 
the base, as shown in FIG. 1 B, the direction of narrow- 
pore growth (major axis direction) can be set in the di- 
rection substantially parallel to the interfaces between 
pore-guiding members and the porous bodies (i.e., in 
the direction of the thickness of the Al film). 
[0042] If a patterned member comprising aluminum 
as a principal ingredient is simply anodized, as de- 
scribed above with reference to FIG. 8 A, the array of 
narrow pores 14 becomes disordered at the ends (pe- 
riph ry or sides) of the memb r comprising aluminum 
as the principal ingredient. However, in accordance with 
thepr sentinv ntion, as shown in FIG. 8C, by disposing 
apor -guiding m mb r16atth side (periphery) of alu- 
minum patt rned on a substrate, the direction of narrow 
pores (the major axis direction) can be set substantially 
parallel to the interface between the pore-guiding mem- 



ber and the memb r comprising aluminum as th prin- 
cipal ingredient, which becomes alumina, in the overall 
region, namely, in the direction substantially perpendic- 
ular to the surface of the substrate (principal surface). 

5 [0043] With respect to the regional structure, by em- 
bedding a functional material, such as a metal, a semi- 
conductor, or an organic material, into narrow pores, ap- 
plication of the resulting porous structures to quantum 
wires, MIM devices, molecular sensors, coloring, mag- 

io netic recording media, electroluminescent devices, 
electrochromic devices, electron emitters, etc. is ex- 
pected. 

2) Layered Structure 

15 

[0044] Layered structures include, for example, struc- 
tures shown in FIGs. 2 A to 2F, in which pore-guiding 
members 16 and porous bodies (anodized alumina 13) 
are laminated on the surfaces of substrates 1 1 (principal 

20 surfaces). 

[0045] In an example of the method of producing such 
a structure, first, on the surface (principal surface) of a 
substrate 11 , a member comprising aluminum as a prin- 
cipal ingredient (Al film) and a pore-guiding member 16 

25 are alternately laminated, and thus the surface of the 
member comprising aluminum as the principal ingredi- 
ent is covered with the pore-guiding member 16. The 
cross section of the laminate (the surface substantially 
perpendicular to the lamination direction, or the thick- 

30 ness direction) is then anodized. By the anodization, 
narrow pores 14 can be formed substantially parallel to 
the surface of the substrate 11 and/or the interface be- 
tween the pore-guiding member and the member com- 
prising aluminum as the principal ingredient (resultant 

35 alumina), namely, substantially parallel to the surface 
(principal surface) of the substrate 11. 
[0046] That is, with the periphery (surface) of the pat- 
terned member comprising aluminum as the principal 
ingredient being covered by the pore-guiding member 

40 1 6, by anodizing the surface that is not covered with the 
pore-guiding member 16, i.e., the exposed surface of 
the member comprising aluminum as the principal in- 
gredient, narrow pores grow in the direction substantial- 
ly parallel to the interface between the pore-guiding 

45 member 16 and the member comprising aluminum as 
the principal ingredient (resultant alumina). Therefore, 
the narrow pores 14 can be arrayed along the external 
shape of the member comprising aluminum as the prin- 
cipal ingredient (resultant alumina) or substantially par- 

so allel to the periphery thereof. 

[0047] In this structure, pore-guiding members 16 are 
brought into contact with upper and lower surfaces of a 
m mber comprising aluminum as a principal ingredient 
(Al film). The pore-guiding members 16 disposed on the 

55 upper and lower surfaces are pr f rably of the same 
material. Th reason for this is that, if pore-guiding m in- 
ters 1 6 of different materials are disposed on the upper 
and lower surfaces, the distribution of electric fields gen- 
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eratedonth surfaces of th members comprising alu- 
minum as the principal ingredient during anodizing may 
become asymmetrical, depending on the types of ma- 
terials. Consequently, the shapes of narrow pores 14 to 
be formed may be asymmetrical in the thickness direc- 
tion. Therefore, when a structure having narrow pores 
14 in this structure is produced, for example, preferably, 
a first pore-guiding member is disposed on a substrate, 
an AI film is disposed thereon, and a second pore-guid- 
ing member made of the same material as the first pore- 
guiding member is further disposed on the AI film. The 
material for the substrate may be the same as the ma- 
terial for the pore-guiding member. In such a case, pref- 
erably, a patterned AI film is laminated on the surface of 
a substrate, and a pore-guiding member made of the 
same material as the substrate is further laminated on 
the AI film. 

[0048] In accordance with this structure, the anodized 
surface region of a member comprising aluminum as a 
principal ingredient can be controlled by the thickness 
of the member comprising aluminum as the principal in- 
gredient Therefore, the surface region having sizes of 
several tens of nanometers to several hundreds of na- 
nometers corresponding to the pore distance of ano- 
dized alumina can be produced relatively easily by con- 
trolling the thickness of the aluminum, which is advan- 
tageous. 

[0049] Since the direction of pore growth can also be 
set along the pattern of a film comprising aluminum as 
a principal ingredient (resultant alumina film) formed on 
a substrate, various types of narrow pore structures can 
be produced. 

[0050] The distances, diameters, and depths 
(lengths) of narrow pores can be controlled to a certain 
extent by processing conditions such as the concentra- 
tion and temperature of an electrolytic solution used for 
anodizing, a method of applying voltage in anodizing, 
the voltage, time, and the conditions for subsequent 
pore-widening treatment. 

[0051] The thicknesses of the AI film and the pore- 
guiding member can be appropriately set at between 
several nanometers and several micrometers. The dis- 
tance between porous bodies can be established by the 
thickness of the pore-guiding member. That is ; as shown 
in FIGs. 2B and 2C, the long periodic structure of porous 
bodies can be controlled by the thickness of the pore- 
guiding member, and the short periodic structure of nar- 
row pores (distance between neighboring narrow pores) 
can be controlled by the anodizing conditions. By using 
such controls, optical properties of the structure can be 
controlled. 

[0052] By setting th thickness of th AI film and the 
anodizing voltage, the number of rows of narrow por s 
and the distanc b tween neighboring narrow pores al- 
so can b controlled. That is, sine the cell siz of ano- 
dized alumina can b determined by the voltage, one 
sets the thickness of the AI film to correspond to the de- 
sired cell siz . For example, in the case of anodizing at 



40 V, a cell size of approximat ly 100 nm is obtained. 
Thus, by setting the thickness of the AI film at 100 nm, 
narrow pores can be arrayed substantially in a row as 
shown in FIG. 2A t and by setting the thickness of the AI 

s film at approximately 1 80 nm, a porous body having nar- 
row pores arrayed in two rows can be obtained as shown 
in FIG. 2E. In this way, by appropriately setting the an- 
odizing voltage and the thickness of the AI film, the array 
of narrow pores can be more ordered. Additionally, as 

io shown in FIGs. 2D and 2F, by patterning AI, a plurality 
of porous bodies may be arrayed. 
[0053] With respect to the layered structure, by em- 
bedding a functional material, such as a metal, a semi- 
conductor, or an organic material, into the narrow pores, 

is application of these structures for quantum wires, MIM 
devices, optical devices, etc. is expected. 

3) Needle Structure (Bod Structure) 

20 [0054] Needle structures include, for example, struc- 
tures shown in FIGs. 3A to 3C, in which the cross section 
of a columnar base, such as a rod base or a needle 
bas^ ( is anodized, and narrow pores grow in the major 
axis direction of the needle (rod) base. In structures 
25 shown in FIGs. 3A and 3B, as bases, aluminum needles 
(rods) are covered with pore-guiding members 16 in the 
peripheries in the lengthwise direction (sides). In a struc- 
ture shown in FIG. 3C, as a base, a needle (rod) of a 
pore-guiding member 16 is covered with a member 
30 comprising aluminum as a principal ingredient in the pe- 
riphery in the lengthwise direction, and the member 
comprising aluminum as the principal ingredient is fur- 
ther covered with a pore-guiding member 16 in the pe- 
riphery in the lengthwise direction. A plurality of such 
3S rod-like bases may be tied up in a bundle and solidified 
by an epoxy or the like to form a base. 
[0055] With respect to such a structure, by embedding 
afunctional material, such as a metal, a semiconductor, 
or an organic material, into the narrow pores, use of the 
40 resulting structure in quantum wires, electrochemical 
micro electrodes, probes for tunneling microscopes, 
" molecular sensors, electron emitters, etc. is expected, 
r [0056] Furthermore, since narrow pores grow along a 
pore-guiding member that is disposed in contact with 
45 aluminum, by arranging a pore-guiding member in a pre- 
determined shape, the direction of narrow-pore growth 
/ ( major axis dire ctioD_of.narrow pores) can be controlled 
( in a predetermined shape, such as a curved shape or a 
rectangular shape. Specifically, for example, as shown 
in FIGs. 13A to 13D, by covering the surfaces of pat- 
terned AI films (members comprising aluminum as a 
principal ingredient) with por -guiding memb rs, the <X\- 
rections of narrow pores ar controlled to produce struc- 
tures in which th dir ctions of narrow pores ar nonlin- 
55 ear (curved) as shown in FIGs. 13A, 13C, and 13D, or 
so that the narrow pores are branched off or m rged as 
shown in FIG. 13B. 

[0057] The material for the pore-guiding member is 
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not specifically limited, and an insulator, a s miconduc- 
tor, or a conductor may be used. 
[0058] Insulators which can be preferably used in the 
present invention include electrochemically stable inor- 
ganic materials such as SiO s , Al 2 0 3 , SiN, and AIN, and 
organic polymers such as epoxies and polyimides. 
[0059] However, when an insulator is used as the 
pore-guiding member, at the beginning of anodization, 
the potential distribution may be disturbed in the alumi- 
num surface because the electric potential of the sur- 
face of the insulator is unstable, and thus instability may 
be generated in the initial formation of the narrow pores. 
[0060] Consequently, in order to make the pore 
growth more stable and more controllable, a conductive 
material is preferably used as the material for the pore- 
guiding member. By using a pore-guiding member hav- 
ing conductivity, during the anodizing process, a more 
stable potential can be maintained in the sides of narrow 
pores through the pore-guiding member. Therefore, nar- 
row pores can be advanced in the desired direction, for 
example, with satisfactory linearity. Thus, narrow pores 
can be arrayed with good reproducibility along the inter- 
face between the pore-guiding member and the mem- 
ber comprising aluminum as a principal ingredient (re- 
sultant alumina). 

[0061] However, if a noble metal, an element of the 
iron group, or the like is used as the pore-guiding mem- 
ber, during anodization, a large electric current flows be- 
cause of electrolysis of an electrolytic solution and dis- 
solution of a pore-terminating member, resulting in dam- 
age to the structure. 

[0062] Consequently, as the conductive pore-guiding 
member that can be more preferably used in the present 
invention, a conductive material containing an element 
having an electronegativity of 1.5 to 1.8 as a principal 
ingredient is used, and in particular, a metal mainly com- 
posed of Ti, Zr, Hf, Nb, Ta, Mo, or W is used. More par- 
ticularly, in view of oxide film forming-speed and insu- 
lating properties of the oxide film, a conductive material 
containing Tl, Nb, or Mo as a principal ingredient is de- 
sirable. 

[0063] As the semiconductive pore-guiding member, 
by using an n-type semiconductor such as Si or GaAs, 
pores can be formed with good reproducibility. 
[0064] Furthermore, if a conductive material is used 
as the pore-guiding member, it is possible to obtain a 
structure in which a metal and a porous body are hybrid- 
ized, and thus the range of choices for materials is ex- 
tended. 

[0065] When a conductive material is used as the 
pore-guiding member, as shown in FIG. 4, the pore- 
guiding member may be oxidized at th interfac be- 
tween the pore-guiding memb randanodiz d alumina. 
Th refore, by controlling the thickness of the pore-guid- 
ing member, th degre of oxidation may be appropri- 
ately controlled; for example, th por -guiding memb r 
is entir ly transformed into an oxide, or only the inter- 
faces are oxidized. In particular, in order to transform 



th por -guiding member into an oxid , although d - 
pending on the material, the thickness of th pore-guid- 
ing member is preferably set smaller than the cell size 
of anodized alumina. Since the cell size of anodized alu- 

5 mina depends on the anodizing voltage, the degree of 
oxidation of the pore-guiding member can be controlled 
to a certain extent by the anodizing voltage. 
[0066] As described above, a layered structure com- 
posed of the porous body and the insulator, the metal, 

10 or the semiconductor described above, a layered struc- 
ture composed of the porous body and the metal oxide, 
/^6r a layered structure composed of the porous body, the 

/ electrically conductive material, and the insulating ma- 

\ terial can be obtained. 

To - [0067] With respect to the layered structures shown 
in FIGs. 2A to 2F, by setting the thickness of the pore- 
guiding member that separates porous bodies, namely, 
a distance between porous bodies (shown by D in FIGs. 
2B and 2C) at 100 nm or less, preferably at 50 nm or 

20 less, and more preferably at 20 nm or less, the positions 
of narrow pores are correlated between the porous bod- 
ies separated by the pore-guiding member, and a ten- 
dency to mutually align the positions of narrow pores 
occurs, which is desirable. By further narrowing the dis r 

25 tance between the porous bodies, it is possible to create 
a state in which the narrow pores in the upper layer and 
the narrow pores in the lower layer are shifted by a half 
pitch. 

[0068] As described above, the short periodic struc- 
30 ture of narrow pores (pore distance) can be controlled 
by the anodizing conditions, and the distance between 
porous bodies, namely, the porous body period, can be 
controlled by the thickness of the pore-guiding member 
(refer to FIGs. 2B, 2C, and 2E). By such structural con- 
35 trols, optical properties of a nano-structure can be con- 
trolled. In particular, by laminating a plurality of porous 
bodies and insulating members, by setting the porous 
body period at equal distances, or by setting the porous 
body period at an integral multiple of the pore diameter 
40 or the pore distance, significant optical properties are 
demonstrated, which is desirable. In FIGs! 2B, 2D, and 
2E, the pore diameter, the pore distance, and the porous 
body period are shown. 

[0069] In the present invention; in addition to the 
45 structures described above, as shown in FIGs. 5A and 
5B, a pore-terminating member 1 8 may be placed at the 
section in which the growth of narrow pores is to be ter- 
minated. FIG. 5A shows an example of the regional 
type, and FIG. 5B shows an example of the layered type. 
so |n such structures, the lengths (depths) of narrow pores 
can be set at a predetermined level without control of 
the anodizing time. Th arrival of narrow por s 1 4 at th 
pore-terminating m mb r 18 can also be found by the 
lectric curr nt profit during anodization. 
ss [0070] Furth rmor , in such structures, when a mat - 
rial such as a m tal or a semiconductor is fill d into the 
narrow pores, a satisfactory electrical connection be- 
tween the filler and the pore-terminating member can 
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be obtained. c 
[0071] As the material for the pore-terminating menrv \ 
ber 18, in view of filling a metal, a semiconductor, or the | 
like into the narrow pores, a conductive material that I 
electrically conducts with the filler and functions as an k 
elMtrodejs^fefetabte. ( 
7XJ72] However, if a noble metal, an element of the 
iron group, or the like, is used as the pore-terminating 
member 18, the porous structure is damaged in the an- 
odizing process as follows. As the anodization progress- 10 
es and a barrier layer 32 (refer to FIG. 1 0) in the bottom 
of narrow pores reaches the pore-terminating member 
18, the barrier layer 32 is dissolved and the pore-termi- 
nating member 18 is brought into contact with an elec- 
trolytic solution, and a large anodizing current because 
of electrolysis of the electrolytic solution (water, acid, or 
the like) or dissolution of the pore-terminating member 
18, results in the damage to the nano-structure. 
[0073] On the other hand, when a metal such as-TL_ 
Zr^f r NbrTarorMoror-arirHype semiconductor is used 
as J|ie-pore4er^ir^ng„memberJ.8^a_nano-structure 
can be produced stably, which is desirable^Moreover, 
by disposing such a terminatihgltiatefial, satisfactory 
electrical connection betweenjhe filienn nar row pores 
and the pore-terminating member can be obtained. 25 
[0074] The p^eMerrruoatingjn^ be par- 

tially oxidized at the interface between the pore-termi- 
nating member 18 and anodized alumina. 
[0075] An example of the production method accord- 
ing to the present invention with respect to a structure 30 
of the regional type will be described with reference to 
FIGs. 6Ato6C. 

[0076] The following steps a) to c) correspond to 
FIGs. 6A to 6C, respectively. 
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a) Formation of a Base 



b) Anodizing St p \^ 

[0079] By performing anodizing treatment on the base 
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[0077] On a substrate 1 1 , a film 1 2 comprising alumi- 
num as a principal ingredient and a pore-guiding mem- 
ber 16 are appropriately formed by patterning so that 40 
the pore-guiding member 1 6 comes into contact with the 
periphery of the film 12, and thus a base 41 is formed. 
A pore-terminating member may also be patterned if re- 
quired. 

[0078] As the substrate 1 1 , a glass substrate such as *s 
silica glass, a silicon substrate, or any other substrate 
may be used. The deposition of the Al film, the pore- 
guiding member, and the pore-terminating member may 
be performed by any deposition method, such as resist- 
ance heating evaporation, electron beam (hereinafter so 
referred to as "EB") evaporation, sputtering, CVD, or 
plating. With respect to patt ming of th Al film and the 
por -guiding m mber, a technique such as photolithog- 
raphy or EB lithography may b us d. ^ 
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41 , the film 1 2 comprising aluminum as th principal in- 
gredient is oxidized and narrow pores are formed. 
[0080] FIG. 1 2 is a schematic diagram of an anodizing 
apparatus used in this step. 

[0081] In FIG. 12, numeral 40 represents a thermo- 
static bath, numeral 41 represents a base, numeral 43 
represents an electrolytic solution, numeral 44 repre- 
sents a reactor, numeral 42 represents a cathode made 
of a R plate, numeral 46 represents a power supply for 
applying the anodizing voltage, and numeral 47 repre- 
sents an ammeter for measuring the anodizing current. 
Although not shown in the drawing, the apparatus also 
includes a computer for automatically controlling and 
measuring the voltage and current, etc. 
[0082] The base 41 and the cathode 42 are placed in 
the electrolytic solution 43 in which a constant temper- 
ature is maintained by the thermostatic bath 40. Anodiz- 
ing is performed by applying a voltage between the 
workpiece and the cathode 42 from the power supply 46. 
[0083] As the electrolyte solution used for anodizing, 
for example, a solution of oxalic acid, phosphoric acid, 
sulfuric acid, or chromic acid may be used, \ferious con- 
ditions such as the anodizing voltage (in the range from 
10 to 200 V), anodizing time, and temperature may be 
appropriately set depending the nano-structures of pore 
distance, pore depth, etc. to be produced. 

c) Pore-widening Treatment 

[0084] Pore diameters can be widened appropriately 
by pore-widening treatment in which the base that has 
been subjected to the anodizing treatment described 
above is immersed in an acid solution (e.g., a phosphor- 
ic acid solution). A structure having desired pore diam- 
eters can be obtained depending on the acid concen- 
tration, treatment time, and temperature. 
[0085] The present invention will be described in more 
detail with reference to the following examples. Howev- 
er, the invention is not limited to the examples. 

EXAMPLES 1 to 3 

a) Formation of Base 

[0086] As shown in FIG. 11 A, on the upper and lower 
surfaces of an Al plate 12 (15 x 40 mm x thickness 1 
mm) having a purity of 99.99%, Tl (example 1 ), Au (ex- 
ample 2), or Si0 2 (example 3), as the pore-guiding 
member 16, was deposited by evaporation at a thick- 
ness of 1 urn to form a base. As comparative example 
1, a sample that was not subjected to evaporation was 
prepared. 

b) Anodization 

[0087] By using the anodizing apparatus shown in 
FIG. 1 2, anodization was performed, and thus a porous 
body 1 3 was formed as shown in FIG. 11 B. In these ex- 
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amples and the comparative xample, a 0.3 M oxalic 
acid solution was used as the acidic electrolytic solution, 
the solution was maintained at 3°C with the thermostatic 
bath 40, and the anodizing voltage was set at 40 V 
[0088] In these examples, anodization was performed 
from the side of the base, name!y : the side of the Al plate 
in the thickness direction, to form narrow pores. 

c) Pore-widening Treatment 

[0089] Diameters of pores (nano-holes) were wid- 
ened by immersing the samples subjected to anodiza- 
tion in a 5wt% phosphoric acid solution for 30 minutes. 

Evaluation (structural observation): 

[0090] The sides and cross sections of the retrieved 
samples were observed by a field emission-scanning 
electron microscope (FE-SEM). 

Results: 

[0091] In example 2, since a large electric current 
flowed at the Au section as water was decomposed dur- 
ing anodization, an insufficient voltage was applied to 
the aluminum, and it was not possible to perform ano- 
dization with good reproducibility. 
[0092] In comparative example 1 , in the center of the 
aluminum plate 12, narrow pores were formed perpen- 
dicular to the plate surface (side surface of the body). 
At the ends of the plate, as shown in FIG. 9B, the array 
of narrow pores became disordered and the linearity of 
narrow pores deteriorated. 

[0093] In examples 1 and 3, as shown in FIG. 8C, from 
the center to the ends of the plates, linear narrow pores 
were formed substantially perpendicular to the side of 
the aluminum plate. The pore diameter was approxi- 
mately 50 nm, and the distance between narrow pores 
was 100 nm. In particular, in example 1, better linearity 
of narrow pores was observed. 

EXAMPLES 4 to 10 

[0094] I n examples 4 to 1 0, structu res of the regional 
type were produced on substrates by patterning. 

a) Formation of Base 

[0095] Al films 1 2 and Nb films as pore-guiding mem- 
bers 16 were disposed adjacently on a quartz substrate 
as shown in FIG. 14A. The individual Al films and Nb 
films w re patterned by photolithography For example, 
after an Al film was deposited on th entir surface, a 
resist was patt rn d, and Al was partially r moved by 
dry tching. Nb was then d posit d, follow d by resist 
stripping and Nb lift-off. 

[0096] In these examples, the Al film was patterned 
into lines with a width of 10 microns. The thickness of 



the Al film was set at 500 nm. 

[0097] As comparative examp! 2, as shown in FIG. 

14B, in a base, only an Al film was formed into lines with 

a width of 1 0 microns, and a pore-guiding member was 
s not disposed. 

[0098] As comparative example 3, as shown in FIG. 

14C, an St0 2 mask having a thickness of 100 nm was 

deposited on an Al film and was patterned into lines with 

openings having a width of 10 microns. 
io [0099] As example 5, as the pore-guiding member 1 6, 

Ni was used instead of Nb. 

[0100] As examples 6 to 9, as the pore-guiding mem- 
ber 16, Ti, Zr, Ta, and Mo were used, respectively, in- 
stead of Nb. 

15 [0101] As example 10, as the pore-guiding member 
16, Si0 2 was used instead of Nb. 

b) Anodization 

20 [0102] By using the anodizing apparatus shown in 
FIG. 1 2, anodization was performed. 
[01 03] In these examples, a 0.3 M oxalic acid solution 
was used as the acidic electrolytic solution, the solution 
was maintained at 3°C with the thermostatic bath 40, 

25 and the anodizing voltage was set at 40 V. 

c) Pore- widening Treatment 

[01 04] Diameters of nano-holes were widened by im- 
30 mersing the samples subjected to anodization in a 5wt% 
phosphoric acid solution for 30 minutes. 

Results: 

35 [01 05] In comparative examples 2 and 3, as shown in 
FIGs. 8A and 8B, respectively, the narrow pore array 
became disordered at the ends of the patterns, and the 
linearity of narrow pores was unsatisfactory. 
[0106] In example 5, since a large electric current 

40 flowed at the Ni section because of the decomposition 
of water and dissolution during anodization, an insuffi- 
cient voltage was applied to the aluminum, and a de- 
sired nano-structure was not produced. 
[0107] In example 4, as shown in FIG. 6C, narrow 

45 pores were arrayed at equal distances up to the ends of 
the pattern, and the linearity of narrow pores was satis- 
factory. The pore diameter was approximately 50 nm, 
and the distance between narrow pores was 100 nm. 
Nb was partially oxidized at the interfaces between the 

so sides of porous bodies and Nb. 

[0108] In examples 6 to 9, in which Ti, Zr, Ta, and Mo 
were us d as pore-guiding m mbers, th sam as in 
exampl 4, as shown in FIG. 6C, narrow pores were ar- 
rayed at qual distances up to th nds of th pattern, 

ss and the linearity of th narrow por s was satisfactory. 
[0109] In xample 10, in which SiC^ was us d as the 
por -guiding member, although narrow pores were 
formed linearly along the pore-guiding member as 
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shown in FIG. 6C, at th op n-ended section of the nar- 
row pores (initially formed section), slight variation in po- 
sitions and disordered shapes were observed. 

EXAMPLES 11 to 26 

[0110] In examples 11 to 26, nano-structures of the 
layered type were produced. 

a) Formation of Base 

[0111] In order to form a base in each of these exam- 
ples, on a silicon substrate, an Al film and a Ti film as a 
pore-guiding member disposed on the Al film are alter- 
nately laminated three times. Furthermore, Si0 2 as a 
protective film was deposited thereon at a thickness of 
100 nm (refer to FIG. 1 6). All the Al films had a thickness 
of 100 nm. The thicknesses of the Ti films were set at 5 
nm (example 1 1 ), 20 nm (example 1 2), 1 00 nm (example 
13), 200 nm (example 14), and 500 nm (example 15). 
Next, by cutting substrates, cross sections of the lami- 
nated layers were formed (refer to FIG. 16). 
[01 12] In examples 1 6 to 20, instead of TI in example 
13, as pore-guiding members, 100 nm thick Nb (exam- 
ple 16), Hf (example 17), Ta (example 18), Mo (example 
1 9), and W (example 20) were used, and cross sections 
of the laminated layers were formed in the same manner 
as that described above. 

[01 13] In example 21 , instead of Ti as used in example 
1 3, an Al 2 0 3 film having a thickness of 100 nm was used 
as the pore-guiding member. 

[0114] In examples 22 to 26, instead of Ti that was 
used in examples 11 to 15, Si0 2 was used. The thick- 
nesses of the Si0 2 were set at 5 nm (example 22), 20 
nm (example 23), 100 nm (example 24), 200 nm (exam- 
ple 25), and 500 nm (example 26). 

b) Anodization 

[0115] By using the anodizing apparatus shown in 
FIG. 12. bases according to examples 11 to 26 were 
subjected to anodizing. 

[01 16] In these examples, a 0.3 M oxalic acid solution 
was used as the acidic electrolytic solution, the solution 
was maintained at 3°C with the thermostatic bath 40, 
and the anodizing voltages of 20 V and 40 V were ap- 
plied. 

c) Pore-widening Treatment 

[0117] Diameters of nano-holes were widened by im- 
m rsing the samples in a 5wt% phosphoric acid solution 
for 20 minut s. 

Results: 

[0118] The cross sections of the laminated layers 
were observ d by an FE-SEM and it was found that na- 



no-structures having porous bodies in which narrow 
pores were arrayed substantially parallel to the planes 
of lamination and the porous bodies were arrayed sub- 
stantially parallel to each other had been produced, as 
s shown in FIG. 17 (in the drawing, the number of narrow 
pores and the array shape are different from those in 
the nano-structures actually produced). 
[0119] At the anodizing voltage of 20 V, in the individ- 
ual porous bodies (anodized alumina), as shown in FIG. 
10 2E, narrow pores having diameters of approximately 30 
nm were arrayed substantially in two rows. On the other 
hand, at the anodizing voltage of 40 V, as shown in FIGs. 
2A to 2C, narrow pores having diameters of approxi- 
mately 30 nm were arrayed in a row 
is [0120] The distances between the porous bodies (po- 
rous body periods) were controlled by the thicknesses 
of the pore-guiding members. When the anodizing volt- 
age was set at 20 V and 40 V, with respect to the sam- 
ples in which the thicknesses of the Ti films were 20 nm 
20 or less and 100 nm or less, Ti was substantially trans- 
formed into titanium oxide, and with respect to the sam- 
ples in which the thicknesses of the Ti films were larger 
than the above, as shown in FIG. 4, oxides of Ti were 
produced at the interfaces with the porous bodies. With 
25 respect to the samples in which the pore-guiding mem- 
bers had thicknesses of 100 nm or less, the correlation 
of the positions of narrow pores between separated po- 
rous bodies and the tendency of mutually aligning the 
positions were observed. 
30 [0121] The reflectance spectrum of the individual 
samples was measured. The spectrum changed in re- 
sponse to the thickness of the pore-guiding members 
and the anodizing voltage. With respect to examples 22 
to 26 in which SiO^ was used as the pore-guiding mem- 
55 bers, the significant structure in the spectrum was ob- 
served in the samples in which the porous body period 
was set at an integral multiple of the pore diameter or 
the pore period. 

[0122] Thus, the possibility of using the nano-struc- 
40 tures in accordance with these examples as optical ma- 
terials was demonstrated. 

[01 23] With respect to examples 1 6 to 20 in which Nb, 
Zr, Hf, Ta, Mo, and W were used as the pore-guiding 
members, nano-structures were produced similarly. In 

45 particular, more satisfactory arrays of narrow pores 
were obtained with respect to Ti, Nb, and Mo. 
[0124] In example 21 in which Al^ was used as the 
pore-guiding member, at the section of initial formation 
of narrow pores, the shape of a large portion of narrow 

so pores became disordered. However, narrow pores were 
formed substantially parallel to the pore-guiding mem- 
ber. 

[0125] With respect to xampl s 22 to 26 in which 
Si0 2 was used as th pore-guiding m mbers, although 
55 narrow pores were form d lin arly along th por -guid- 
ing memb r, slight variation in positions and disordered 
shap s were observed in the open-ended section of the 
narrow pores (initially formed section). 



15 



20 



25 



19 



EP 1 020 545 A2 



20 



Results: 



EXAMPLES 27 to 29 

[0126] In examples 27 to 29, structures of the needle 
type were produced. 

a) Formation of a Base 

[0127] In example 27, an Al film having a thickness of 
60 nm was deposited around a Mo wire (50 microns 
thick), and a 71 film having a thickness of 100 nm was 
further deposited thereon. The sample was then en- 
closed in a glass tube using an epoxy resin, and the 
cross section was ground to obtain a base. 
[0128] In example 28, 10 aluminum wires having a 
thickness of 25 microns were tied up in a bundle, which 
was enclosed in a glass tube using an epoxy resin, and 
the cross section was ground to obtain a base. 
[0129] In example 29, a Nb film having a thickness of 
200 nm was deposited around an Al wire (25 microns 
thick), which was then covered with a resist. By grinding 
the resultant rod, a cross section was formed, and thus 
a base was obtained. 

b) Anodization 

[0130] By using the anodizing apparatus shown in 
FIG. 12, anodization was performed. 
[0131] In these examples, a 0.3 M sulfuric acid solu- 
tion was used as the acidic electrolytic solution, the so- 
lution was maintained at 3°C with the thermostatic bath 
40, and the anodizing voltage was set at 25 V. 

c) Pore-widening Treatment 



[01 32] Diameters of nano-holes were widened by im- 35 
mersing the samples subjected to anodization in a 5wt% 
phosphoric acid solution for 15 minutes. 
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[0133] In example 27, as shown in FIG. 3C, narrow 
pores of anodized alumina were arrayed around the Ti 
rod substantially in a row. The narrow pores were 
formed extending in the major axis direction of the rod. 
[0134] In examples 28 and 29 : as shown in FIG. 3B, 45 
narrow pores were arrayed in the center of the rod, and 
the narrow pores were formed extending in the major 
axis direction of the rod. In example 28, the aggregate 
of narrow pores shown in FIG. 3B were disposed in 10 
regions corresponding to 10 aluminum wires. 

EXAMPLE 30 



so 



[0135] In xampl 30, a pore-terminating memb r 
was used and a metal was fill d into the narrow pores. 
[0136] In this xampl , a base was formed by dispos- 
ing an Al film 12, pore-guiding members 16, and a pore- 
terminating member 18 as shown in the sectional view 
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in FIG. 7A On a silicon substrate 11 , a laminated lay r 
including the Al film 1 2 and the Ti films as the pore-guid- 
ing members 16 was formed, and Si0 2 (not shown in 
the drawing) as a protective film with a thickness of 100 
nm was further deposited thereon. The thickness of the 
Al film was set at 100 nm, and the thickness of the TI 
film was set at 100 nm. The cross section of the layer 
was formed by plasma etching. As the pore-terminating 
member. 18, a Ti film having a thickness of 500 nm was 
used. 

[0137] In a manner similar to that in example 10, an- 
odizing and pore-widening treatment were performed 
(refer to FIG. 7B). During anodizatbn, it was confirmed 
by a decrease in electric current that anodization 
reached the pore-terminating member 1 8. 
[0138] Furthermore, Ni was filled into the narrow 

>res by electro-deposition (refer to FIG. 7C). 
[0139] In order to fill Ni, the base provided with the 
narrow pores, together with a nickel counter electrode, 
was immersed in an electrolytic solution composed of 
0.14 M NiS0 4 and 0.5 M H 3 BO a . Ni was thus deposited 
into the narrow pores. 

[0140] By observing the sample with an FE-SEM be- 
fore filling Ni, it was confirmed that the narrow pores had 
reached the pore-terminating member. That is, by dis- 
posing the pore-terminating member, the lengths of the 
narrow pores were controlled. By observing the sample 
with the FE-SEM after filling with Ni, it was confirmed 
that the narrow pores had been filled with Ni and quan- 
tum wires of Ni having thicknesses of approximately 40 
nm had been formed. 

EXAMPLE 31 

[0141] In example 31 , using an n-type semiconductor 
as the pore-guiding member, a nano-structure of the 
laminated type was produced, the same as example 1 3. 
In this example, an Al film was formed in one layer, and 
two surfaces thereof were covered with a substrate and 
a Nb film, respectively. 

a) Formation of Base 

[0142] In this example, an Al film was formed on an 
n-type silicon substrate having a resistivity of 1 flcm, 
and a Nb film was formed thereon to form a base. The 
Al film had a thickness of 100 nm, and the Nb film had 
a thickness of 100 nm. Next, by cutting the substrate, a 
cross section of the laminated layer was formed. 

b) Anodization 

[0143] By using th anodizing apparatus shown in 
FIG. 12, th sample was subj cted to anodizing. In this 
example, a 0.3 M oxalic acid solution was us d as th 
acidic lectrolytic solution, th solution was maintained 
at 3°C with th thermostatic bath 40, and th anodizing 
voltage was set at 40 V 
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c) Por -widening Treatment 

[01 44] Diameters of nano-holes were widened by im- 
mersing the sample subjected to anodization in a 5wt% 
phosphoric acid solution for 20 minutes. 

Results: 

[0145] As a result of observing the cross section with 
an FE-SEM, it was confirmed that a nano-structure hav- 
ing a plurality of narrow pores arrayed in a row parallel 
to the interface between the surface of the silicon sub- 
strate and the Al film had been produced. 

EXAMPLE 32 

[01 46] In example 32, a nano-structure having nonlin- 
ear narrow pores was produced 
[0147] In this example an Al film was patterned intoa 
fan shape, and an AI2O3 film as the pore-guiding mem- 
ber 1 6 was disposed to cover the Al film to form a base. 
The Al film had a thickness of 100 nm, and the AI2O3 
film had a thickness of 500 nm. The anodization and 
pore-widening treatment were performed under the 
same conditions as those in example 11. The resultant 
nano-structure had a porous body in which nonlinear 
narrow pores 1 4 were arrayed in a row, corresponding 
to the fan shape of the original Al, namely, in a fan shape 
along the contact surface with the A^C^ film, as shown 
in FIG. 13A. 

EXAMPLES 33 and 34 

[0148] In examples 33 and 34, as shown in FIG. 1 3C, 
nano-structures in which bent narrow pores 14 and 
pore-terminating members 18 were disposed were 
formed, and a metal was filled into the narrow pores. 
[01 49] In these examples, a base was formed by dis- 
posing an Al film 12, a pore-guiding member 16, and a 
pore-terminating member 18, as shown in the sectional 
view in FIG. 15A. As the pore-terminating member 18, 
a Nb film having a thickness of 100 nm was used, and 
as the pore-guiding member 16, a Si0 2 film having a 
thickness of 500 nm (example 33) or a Nb film (example 
34) was used. The thickness of the Al film 1 2 was set at 
100 nm in each example. 

[01 50] The Al film 1 2 had a bent section as shown in 
the sectional view in FIG. 15A. 
[0151] The anodization and pore-widening treatment 
were performed under the same conditions as those in 
example 11 (refer to FIG. 15B). During anodization, a 
decrease in the lectric curr nt confirmed that the ano- 
dization reached the pore-t rminating member. 
[0152] Furtherrnor , Ni was filled into the narrow 
por s 14 by el ctro-d position (refer to FIG. 15C). In 
order to fill Ni, the bas provid d with the narrow pores, 
together with a nickel counter electrode, was immers d 
in an electrolytic solution composed of 0.14 M NiS0 4 



and 0.5 M H 3 B0 3 . Ni was thus d posited into the narrow 
pores. 

[01 53] By observing the samples with an FE-SEM be- 
fore filling with Ni, it was confirmed that the narrow pores 

s 14 had reached the pore-terminating members 18. It 
was also confirmed that narrow pores were formed sub- 
stantially parallel to the interfaces between the pore- 
guiding members and the Al films. In example 33, in 
which SiOfc was used as the pore-guiding member, in 

10 comparison with example 34, slight variation in positions 
and disordered shapes were observed in the section of 
initial formation of the narrow pores (in which the nar- 
row-pore formation started). 

[0154] In accordance with these examples, by using 
is the pore-terminating member 18, the lengths of the nar- 
row pores 14 were controlled. It was also possible to 
bend the narrow pores 1 4 according to the shape of the 
pore-gu iding member 16. 

[0155] By the FE-SEM observation after filling with Ni, 
20 it was confirmed that the narrow pores were filled with 
Ni and quantum wires composed of Ni having a thick- 
ness of 40 nm or less had been formed. 
[01 56] As described above, the present invention has 
the lollowing advantages. 

25 

1 ) A porous body (anodized alumina) having narrow 
pores with excellent linearity can be produced over 
the entire patterned region. 

2) The arrays, distances, positions, directions, etc. 
30 of narrow pores formed by anodizing can be con- 
trolled appropriately. 

3) Novel nano-structures having laminated layers 
composed of porous bodies and metals or porous 
bodies and metal oxides can be produced. 

35 4) By defining the terminal of narrow pores, the 
lengths (depths) of the narrow pores can be control- 
led. 

[0157] The above features enable the application of 

40 anodized alumina porous bodies to various fields, and 
the present invention contributes to the significant ex- 
pansion of the area of application thereof. 
[01 58] Although the structures in accordance with the 
present invention in themselves can be used as func- 

45 tional materials, the structures may also be used as 
base materials, molds, or the like for novel structures. 
[0159] While the present invention has been de- 
scribed with reference to what are presently considered 
to be the preferred embodiments, it is to be understood 

50 that the invention is not limited to the disclosed embod- 
iments. On the contrary, the invention is intended to cov- 
er various modifications and quivalent arrangements 
included within th spirit and scope of th app nded 
claims. The scope of th following claims is to be ac- 

55 corded the broad st interpretation so as to ncompass 
alt such modifications and equivalent structures and 
functions. 



23 



EP 1 020 545 A2 



24 



Claims 

1. A method of producing a structure having narrow 
pores comprising: 

a first step of bringing pore-guiding members 
into contact with upper and lower surfaces of a 
member comprising aluminum as a principal in- 
gredient; and 

a second step of anodizing the member com- 
prising aluminum as the principal ingredient to 
form narrow pores, 

wherein the pore-guiding members comprise 
the same material as the principal ingredient. 

2. A method of producing a structure having narrow 
pores according to Claim 1, wherein the second 
step comprises a step of transforming the member 
comprising aluminum as the principal ingredient in- 
to a porous body comprising alumina having narrow 
pores oriented substantially parallel to the interfac- 
es between the pore-guiding members and the 
member comprising aluminum as the principal in- 
gredient. 

3. A method of producing a structure having narrow 
pores according to Claim 1 , wherein the first step 
comprises a step of alternately laminating the pore- 
guiding members and the members comprising alu- 
minum as the principal ingredient a plurality of 
times. 

4. A method of producing a structure having narrow 
pores according to Claim 1, wherein the pore-guid- 
ing members comprise an insulator. 

5. A method of producing a structure having narrow 
pores according to Claim 4, wherein the insulator is 
at least one material selected from the group con- 
sisting of S(0 2 , Al 2 0 3 , SiN, AIN, an epoxy, and a 
polyimide. 

6. A method of producing a structure having narrow 
pores according to Claim 1 , wherein the pore-guid- 
ing members comprise a metal. 

7. A method of producing a structure having narrow 
pores according to Claim 6, wherein the metal is at 
least one metal selected from the group consisting 
of Tl, Zr, Hf, Nb, Ta, Mo, and W. 

8. A method of producing a structure having narrow 
pores according to Claim 1 , wher in the por -guid- 
ing members comprise a semiconductor. 

9. A method of producing a structur having narrow 
pores according to Claim 8, wherein the s micon- 
ductor is an n-type semiconductor 



10. A method of producing a structure having narrow 
pores according to Claim 9, wherein th semicon- 
ductor is n-Si or n-GaAs. 

5 11. A m thod of producing a structure having narrow 
pores according to Claim 1 , wherein the pore-guid- 
ing members have thicknesses of 100 nm or less. 

12. A method of producing a structure having narrow 
10 pores according to Claim 11 , wherein the pore-guid- 
ing members have thicknesses of 50 nm or less. 

13. A method of producing a structure having narrow 
pores according to Claim 11, wherein the pore-guid- 

15 ing members have thicknesses of 20 nm or less. 

14. A method of producing a structure having narrow 
pores according to Claim 1, wherein the first step 
further comprises a step of bringing a pore-termi- 

20 nating member comprising metals or semiconduc- 
tors into contact with the side of the members com- 
prising aluminum as the principal ingredient. 

15. A method of producing a structure having narrow 
25 pores according to Claim 14, wherein the pore-ter- 
minating member comprises at least one material 
selected from the group consisting of Tl, Zr, Hf, Nb, 
Ta, Mo, and n-type semiconductors. 

30 16. A structure produced by any one of methods ac- 
cording to any one of Claims 1 to 1 5. 

17. A structure according to Claim 16, wherein the po- 
rous body period is set at an integral multiple of the 

35 pore diameter or the distance between neighboring 
pores. 

18. A structure according to Claim 17, wherein the 
structure contains a metallic material or a semicon- 

40 ductive material in the narrow pores. 

19. A method of producing a structure having narrow 
pores comprising: 

45 a first step of disposing a pore-guiding member 

and a member comprising aluminum as a prin- 
cipal ingredient having a predetermined pattern 
on a substrate, the pore-guiding member being 
in contact with the periphery of the pattern of 

50 the member comprising aluminum as the prin- 

cipal ingredient; 

and a s cond step of anodizing the member 
comprising aluminum as the principal ingredi- 
ent to form narrow por s. 

55 

20. A method of producing a structur having narrow 
pores according to Claim 19, wherein the second 
step comprises a step of transforming the member 
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comprising aluminum as the principal ingredient in- 
to a porous body comprising alumina having narrow 
pores oriented substantially parallel to the interface 
between the pore-guiding member and the member 
comprising aluminum as the principal ingredient. 

21. A method of producing a structure having narrow 
pores according to Claim 19, wherein the narrow 
pores are formed substantially perpendicular to the 
surface of the substrate. 

22. A method of producing a structure having narrow 
pores according to Claim 1 9, wherein the pore-guid- 
ing member comprises an insulator. 

23. A method of producing a structure having narrow 
pores according to Claim 22, wherein the insulator 
is at least one material selected from the group con- 
sisting of Si0 2 , Al 2 0 3 , SiN, AIN, an epoxy, and a 
polyimide. 

24. A method of producing a structure having narrow 
pores according to Claim 1 9, wherein the pore-guid- 
ing member comprises a metal, 

25. A method of producing a structure having narrow 
pores according to Claim 24, wherein the metal is 
at least one metal selected from the group consist- 
ing of Ti, Zr, Hf , Nb, Ta, Mo, and W. 

26. A method of producing a structure having narrow 
pores according to Claim 1 9, wherein the pore-guid- 
ing member comprises a semiconductor. 

27. A method of producing a structure having narrow 
pores according to Claim 26 s wherein the semicon- 
ductor is an n-type semiconductor. 

28. A method of producing a structure having narrow 
pores according to Claim 27, wherein the semicon- 
ductor is n-Si or n-GaAs. 

29. A method of producing a structure having narrow 
pores according to Claim 19, wherein the first step 
further comprises a step of disposing between the 
substrate and the member comprising aluminum as 
the principal ingredient a pore-terminating member 
selected from the group consisting of metals and 
semiconductors. 

30. A method of producing a structure having narrow 
pores according to Claim 29, wherein the pore-t r- 
minating member comprises at least on material 
selected from th group consisting of Ti, Zr, Hf , Nb, 
Ta, Mo, and n-type semiconductors. 

31. A structure produced by any one of methods ac- 
cording to any one of Claims 1 9 to 30. 



32. A structur according to Claim 31, wherein th 
structure contains a metallic material or a semicon- 
ductive material in the narrow pores. 

s 33. A method of producing a structure having narrow 
pores comprising: 

a first step of covering a periphery of a rod-like 
member comprising aluminum as a principal in- 
to gredient with a pore-guiding member; and 

a second step of anodizing the member com- 
prising aluminum as the principal ingredient to 
form narrow pores. 

is 34. A method of producing a structure having narrow 
pores comprising: 

a first step of covering a periphery of a rod-like 
first pore-guiding member with a member com- 
20 prising aluminum as a principal ingredient and 

further covering the member comprising alumi- 
num as the principal ingredient with a second 
pore-guiding member; and 
a second step of anodizing the member com- 
25 prising aluminum as the principal ingredient to 

form narrow pores. 

35. A method of producing a structure having narrow 
pores according to Claim 33 or 34, wherein the sec- 

30 ond step comprises a step of transforming the mem- 
ber comprising aluminum as the principal ingredient 
into a porous body comprising alumina having nar- 
row pores substantially parallel to the interface be- 
tween the pore-guiding member and the member 

35 comprising aluminum as the principal ingredient. 

36. A method of producing a structure having narrow 
pores according to Claim 33 or 34, wherein the 
pore-guiding member comprises an insulator. 

40 

37. A method of producing a structure having narrow 
pores according to Claim 36, wherein the insulator 
is at least one material selected from the group con- 
sisting of Si0 2 , AI2O3, SiN ; AIN, an epoxy, and a 

45 potyimide. 

38. A method of producing a structure having narrow 
pores according to Claim 33 or 34, wherein the 
pore-guiding member comprises a metal. 

so 

39. A method of producing a structure having narrow 
por s according to Claim 38, wh rein the metal is 
at least one metal select d from th group consist- 
ing of Ti, Zr, Hf, Nb, Ta, Mo, and W. 

55 

40. A method of producing a structur having narrow 
pores according to Claim 33 or 34, wherein the 
pore-guiding member comprises a semiconductor. 



15 



20 



27 



EP 1 020 545 A2 



28 



41. A method of producing a structure having narrow 
pores according to Claim 40, wh rein the semicon- 
ductor is an n-type semiconductor. 

42. A method of producing a structure having narrow 
pores according to Claim 41 , wherein the semicon- 
ductor is n-Si or n-GaAs. 

43. A structure produced by one of methods according 
to Claim 33 or 34. 

44. A structure according to Claim 43, wherein the 
structure contains a metallic material or a semicon- 
ductive material in the narrow pores. 

45. A method of producing a structure having narrow 
pores comprising: 

a first step of bringing a first pore-guiding mem- 
ber and a second pore-guiding member into 
contact with upper and lower surfaces of a 
member comprising aluminum as a principal in- 
gredient; and 

a second step of anodizing the member com- 
prising aluminum as the principal ingredient to 
form narrow pores, 

wherein at least one of the first pore-guiding 
member and the second pore-guiding member 
is electrically conductive. 

46. A method of producing a structure having narrow 
pores according to Claim 45, wherein the second 
step comprises a step of transforming the member 
comprising aluminum as the principal ingredient in- 
to a porous body comprising alumina having narrow 
pores substantially parallel to the interface between 
the electrically conductive pore-guiding member 
and the member comprising aluminum as the prin- 
cipal ingredient. 

47. A method of producing a structure having narrow 
pores according to Claim 45, wherein the electrical- 
ly conductive pore-guiding member comprises a 
metal. 

48. A method of producing a structure having narrow 
pores according to Claim 47, wherein the metal is 
at least one metal selected from the group consist- 
ing of Ti, Zr, Hf, Nb, Ta, Mo, and W. 

49. A method of producing a structure having narrow 
pores according to Claim 45, wh rein the lectrical- 
ly conductive por -guiding member comprises a 
semiconductor. 

50. A m thod of producing a structure having narrow 
pores according to Claim 49, wh rein the semicon- 
ductor is an n-type semiconductor. 



51. A method of producing a structure having narrow 
pores according to Claim 50, wherein the semicon- 
ductor is n-Si or n-GaAs. 

5 52. A structure produced by any one of methods ac- 
cording to any one of Claims 45 to 51 . 

53. A structure according to Claim 52, wherein the 
structure contains a metallic material or a semicon- 

10 ductive material in the narrow pores. 

54. A method of producing a structure having narrow 
pores comprising: 

is a first step of alternately laminating pore-guid- 

ing members and members comprising alumi- _ 
num as a principal ingredient a plurality of times 
on a substrate; and 

a second step of anodizing the members com- 
20 prising aluminum as the principal ingredient to 

form narrow pores. 

55. A method of producing a structure having narrow 
pores according to Claim 54, wherein the second 

2S step comprises a step of transforming the members 
comprising aluminum as the principal ingredient in- 
to porous bodies comprising alumina having narrow 
pores oriented substantially parallel to the interfac- 
es between the pore-guiding members and the 

30 members comprising aluminum as the principal in- 
gredient. 

56. A structure produced by any one of methods ac- 
cording to Claim 54 or 55. 

35 

57. A structure according to Claim 56, wherein the 
structure contains a metallic material or a semicon- 
ductive material in the narrow pores. 

40 
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